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1.1 Scientific necessity of surface albedo  
1.1.1 Surface albedo and surface energy balance  
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Figure   1-1 Surface energy balance components 
(www.iac.ethz.ch/education/bachelor/climate.../Surface-Energy-Balance.pdf). 
 
 
Figure   1-2 Breakdown of the incoming solar energy 
(http://www.windows2universe.org/earth/Atmosphere/earth_atmosph_radiation_b
udget.html) 
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1.1.2 Surface albedo and climate change 
                                                                                        
                                                                                 
                                                                                   
                                                                                         
                                                                                        
                                                                                            
                                                                                       
                                                                                     
                                                                                                                                
   
                                                                                      
                                                                        
 
                                                                                        
                                                                                    
                                                                                   
                                                                                   
                                                                                       
                                                                                       
                                       
 
                                                                              
                                                                                        
                                                                                        
                                                                                           
                                              
 
                                                                                     
                                                                                          
                                                                                           
                                                                                  
                                   
 
1.1.3 Surface albedo and hydrology 
                                                                                      
                                                                              
                                                                                          
                                                                                     
                                                                                          
                 
1.1.3.1  Surface albedo and evapotranspiration 
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1.1.3.2  Surface albedo and snow 
                                                                                  
                                                                                  
                                                  
 
                                                                                      
                                                                                         
                                                                                       
                                                                                        
                                                                                         
                                                                                          
                                                                                              
                                                                                          
                                                                                        
                                                                                      
                                                                                  
                                                                                   
         
 
                                                                                     
                                                                                     
                                                                                     
 
                                                                                  
                                                                                      
                                                                                         
                                                                                                                                  
   
                                                                              
                                         
 
                                                                                        
                                                                                         
                                                                                       
                                                                                 
                                                               
 
1.2 Remote sensing albedo 
                                                                                         
                                                                                   
                                                                                       
                                                                                        
                                                                                      
                                                                                           
                                           
 
                         
                                                                                         
                                                                                            
                                                                                         
                                                                                      
                                                                              
                                                                 
 
                     
                                                                                       
                                                                                 
                                                                                               
                                                                                             
                                                                                         
                                                                                        
                                                                                      
                                                                                                                                  
   
                                                                                   
                      
 
                        
                                                                                    
                                                                                   
                                                                                          
                                                                                          
                                                                                    
                                                                                 
                                                                                
                                                                                 
                                                                                        
                                                                                   
                                                                                           
                                                                                        
                                                                                         
                                                                               
                                                                                         
                                                                                          
                                                                                     
                                                                                    
                                                                                      
                                                                                         
                                                                                 
                       
 
Table   1-1 The characteristics of along-track and across-track sensors in albedo 
retrieval 
                                                           
                     
              
                              
                         
              
         
                                                                          
    
             
                          
                                                                             
 
                                                                                  
                                                                              
                                                                                         
                                                                                       
                                                                                         
                                                                                       
                                                                                            
 
1.3 Aims   
                                                                                         
                                                                                 
                                                                                     
                                                                                      
                                                                                        
                                                                                         
                                                                                      
                                                                                    
                                                                                  
                                                                                       
                                                                                          
                                                                                    
                                                                                        
                                                                                   
                                                                                          
      
 
                                                                                   
                                                                                 
                                                                                   
                                                                                      
                                                    
                                         
     
                                                                                        
                                                                               
                                                                                 
                                                                                            
                                                                                     
                                                                                      
                                                                                          
                                                                                     
                                                                                       
                                                          
 
                                                                                
                                                                                    
                                                                                 
                                                                                         
                                                                                  
                                                                                
                                                                                           
                                                                                         
                                                                                       
                                                                                    
                                                                                    
                                                                                   
                                                                                      
                                                                                      
                                                                                     
                                                                                       
                                                                            
                                                                                      
                                                                                 
                                                                                
                                                                                        
                                               
 
1.4 Research objectives 
                                                                                          
                                                                                                                            
    
                                                                                       
                                                                                           
                                                            
 
                                                                                    
                                                                                  
                                                                                
                                                                                    
                                                                                         
                                                                                        
                                                                               
 
                                                                                     
                                                                             
                                                                                    
                                                                              
                                                                            
                                                                                      
                                                                                 
                                                                                       
          
 
                                                                                        
                                                                   
 
                                                                                     
                                                                                    
                                                                                       
                                                              
 
                                                                                     
                                                                                
                                                                                     
                                                                                          
                                                                                             
            
                                         
     
                                                                                           
                                                                                        
                                                            
 
 
 
                                                           
   
 
 
2 Remote sensing of albedo 
2.1 Nature and definition of albedo 
2.1.1 Definition 
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2.1.2 Spectral and Broadband albedo 
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2.1.3 Black-, White- and Blue-sky albedo 
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Figure   2-1 Visual graphics of black-sky albedo (on the left) and white-sky albedo 
(on the right) (Schaepman-Strub et al., 2006). 
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2.1.4 Spatial variation 
                                                                                        
                                                                                      
                                                                                   
                                                                                     
                                                                                  
                                                                                   
                                                                                           
                                                                                    
        
 
2.1.5 Temporal variation 
                                                                                 
                                                                                       
                                                                                      
                                                                                          
                                                                                 
                                                                                                                                         
   
 
                                                                                    
          
  
                                                                                      
                               
 
2.2 Remote sensing of albedo 
                                                                                
                                                                                   
                                                                              
                                                                                      
                                                                                           
                                                                  
   
2.2.1 Bidirectional Reflectance Distribution Function (BRDF) 
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2.2.2 BRDF-based albedo models 
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2.2.2.1  Empirical models 
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2.2.2.2  Semi-empirical models 
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One of the main differences between different semiempirical models is the physical 
assumptions used. Roujean et al. (1992) use one physical term which considers volume 
scattering inside homogenous vegetation whereas RTLSR uses two physical terms adding the 
mutual shadowing effect. The non-linear RPV model, on the other hand, is a modified 
empirical model adding a physical term. Therefore, the Roujean and RTLSR models are more 
reliable than the non-linear RPV model for the surfaces which match the physical assumptions 
used such as dense homogenous vegetation and/or sparse forest. However, for surfaces which 
deviate from the assumptions used such as snow, the RPV model could provide more accurate 
results (Maignan et al., 2004). Wanner et al. (1995) mentioned some advantages of linear 
                                                                                  
 
numerical inversion problems, they are faster to run, and they account for mixed pixels and 
allow for upscaling. The non-linear BRDF models such as RPV, on the other hand, are time-
consuming to invert which restricts their use at the global scale (Maignan et al., 2004).  
Therefore, for operational products the Roujean and RTLSR models perform better than the 
RPV model. The linear RTLSR model, thus, having more physical terms seems to be a better 
choice for the operational remote sensing products as its validity was shown by several studies 
(Wanner et al., 1995b, Wanner et al., 1997, Privette et al., 1997, Lucht et al., 2000).  However, 
one should bear in mind that the climate and surface conditions of the area being studied may 
affect the accuracy of the resulting albedo.   
 
2.3 Albedo measurements 
                                                                                       
                                                                                    
                                                                                      
                                                
                                                           
   
 
2.3.1 Problems with field measurements of albedo  
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2.3.2 Measurement of albedo using remote sensing 
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2.3.2.1  Atmospheric correction 
                                                                                      
                                                                                     
                                                                       
 
                                                                                       
                                                                                      
                                                                                                                                            
   
 
                                                                                       
                                                                                 
                                                                                    
                                                                                   
      
 
                                                                                  
                                                                                     
                                                                          
                                                                                     
                                                                                      
                                                                                   
 
2.3.2.2  Multiple-view angle data 
                                                                            
                                                                        
                                                                               
                                                                                    
                                                                                 
                                                                                      
                                                                                            
                                                                                  
                                                                                        
                              
 
2.3.2.3  An appropriate BRDF model 
                                                                                   
                                                                                  
                                                                                  
                                                                                   
                                                                                  
                                                                                    
                                                                                      
                                                
 
                                                                                     
                                                                                 
                                                                                                                                              
   
 
                                                                              
                                                                                    
                                                                                     
                                                                                    
                                                                                    
                                                                             
  
2.3.2.4  Spectral-to-Broadband albedo conversion 
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2.3.3 The MODIS albedo product  
                                                                                 
                                                                             
                                                                              
                                                                                    
                                         
 
2.3.3.1  MODIS Specifications 
                                                                                
                                                                                
                                                                                 
                                                                                   
                                                                                
                                                                                   
                                                                                
                                                                             
                                                                                                                                  
   
 
                                                                                       
                               
 
                                                                                     
                                                                                        
                                                                                   
                                                                                     
                                                                                        
                                                                                       
                                                                                         
                                                                              
 
2.3.3.2  MISR Specifications 
                                                                                     
                                                                                       
                                                                                     
                                                                                  
                                                                                      
                                                                                       
                                     
 
2.3.3.3  MODIS/MISR combination albedo product 
                                                                                    
                                                                                   
                                                                                 
                                                                                
                                                                            
                                                                                   
                                                                                          
                                                                                    
                                                   
                                                                                   
                                                                         
                                                                                      
                                                                                     
                                                                           
                                                           
   
 
 
Figure   2-2 Flowchart of the procedure of producing the BRDF/Albedo product 
where MOD_xx stands for MODIS and process codes (Strahler et al., 1999). 
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2.3.3.4  Assumptions and limitations 
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2.3.4 Other Albedo products 
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Table   2-1 Comparison between different satellite albedo products  
                   
         
           
        
           
           
   
       
             
            
               
           
           
      
 
         
       
      
          
          
        
       
       
 
           
        
      
        
     
        
     
        
     
          
     
          
     
    
          
    
           
             
           
 
               
       
          
        
      
        
      
       
           
         
         
         
        
             
                 
                
       
                                                                            
   
 
                   
             
              
            
          
         
 
 
      
 
               
 
 
         
        
      
           
          
           
          
    
       
     
                
               
          
       
 
            
             
               
               
           
                
      
              
           
        
        
         
    
       
   
            
             
                 
                
                
            
                  
        
              
           
               
 
                  
               
           
        
         
        
       
    
         
         
    
          
 
        
          
                 
            
                   
           
 
                
          
            
               
          
        
          
     
             
         
           
                 
             
                   
 
2.3.5  Validation of remotely-sensed albedo 
                                                                                  
                                                                                        
                                                                                       
                                                                                    
                                                                                                                                           
   
 
                                                                                   
                                                                                 
                                   
 
2.3.5.1  Validation using simultaneous field measurements 
                                                                                   
                                                                                     
                                                                                         
                                                                              
                                                                         
                                                                                    
                                                                                    
                                                                                  
                                                                              
                                      
 
                                                                           
                                                                                
                                                                                   
                                                                                     
                                                                                      
                                                                                       
                               
 
                                                                                    
                                                                                     
                                                                                        
                                                                                       
                                                                                        
                                                                                    
                                                                            
                                                                                  
                                                                                
                                                                                  
                                                                                          
                                                                                           
                                                                                       
                                                                                    
                                                                                                                                               
   
 
                                                                                    
                       
 
                                                                                      
                                                                                   
                                                                               
                                                                                     
                                                                               
                                            
 
2.3.5.2  Validation using literature values 
                                                                              
                                                                                     
                                                                                 
                                                                                    
                                                                               
                                                                               
                                                                                         
                                                                                   
                                                                                      
                                                                                       
 
2.3.5.3  Validation using simultaneous other remote sensing data 
                                                                                           
                                                                                
                                                                                         
                                                                                       
                                                                            
                                                                                    
                                                                              
                                                                                     
                                                                                        
                                                                                        
                                                                                 
                                                                                   
                                                                                      
                                                                              
                                                                                                                                          
   
 
                                                                                    
                                                                                     
                                                                                
                                                                                          
                                                                                     
 
2.3.6 Validation of the albedo product of MODIS 
                                                                                      
                                                                               
                                                                                     
                                                                                 
                                                                               
                                                                                      
                                                                                
                                                                                   
                                                                                    
                                                                            
                                                                                    
                                                                                    
                                                                                
                                                                                          
                                                                                  
                                                                                
                                                                                      
                                                                                      
                                                                                   
                                                                                      
                                                                                     
                                                                                    
                                                                                       
                                                                                          
                                                                                         
                                                                                  
                          
 
2.3.6.1  Pre-flight Validation 
                                                                                       
                                                                         
                                                                                                                                                  
   
 
                                                                              
                                                                               
                                                                                       
                                                                                
                                                                                      
                                                                                    
                                    
 
 
Figure   2-3 On the left: results of atmospheric correction using TM data over 
Hong Island (Vermote and Vermulen, 1999); and on the right: retrieval of AOT 
using MAS data (Roger et al. as cited in Vermote and Vermulen, 1999) 
 
                                                                                
                                                                                      
                                                                                       
                                                                             
                                                                                      
                                                                                       
                                                                                     
                                                                                     
                                                                                      
                                                                                     
                                                                               
                                                                                          
                                                    
 
                                                                                   
                                                                                       
                                                                                                                                                 
   
 
                                                                                  
                                                                                        
                                                                                  
                                                                                
                                                                               
                                                                                      
 
2.3.6.2  After-flight Validation 
                                                                                      
                                                                                 
                                                                                    
                                                                                     
                                                                                      
                                                                                 
                                                                                 
                                                                                     
                                                                                   
                                                                                     
                                                                                  
                                                                                      
                                                                                  
                                        
                                                           
   
 
 
 
Figure   2-4 Validating the black sky MODIS albedo product (Liang et al., 2002). 
 
                                                                                   
                                                                              
                                                                                  
                                                                                 
                                                                          
                                                                                
                                      
                                                       
   
 
 
 
 
Figure   2-5 The validation results of the MODIS albedo product (Jin et al. as cited 
in http://landval.gsfc.nasa.gov/Results.php?TitleID=mod43_valsup1)  
                                                           
   
 
                                                                                    
                                                                                
                                                                                  
                                                                                   
                                                                                
                                                                                       
                                                                             
                                                                                
                                                        
 
 
                                                       
   
 
 
Figure   2-6 Validation of the broadband MODIS albedo (top image) and the 
spectral MODIS albedo (bottom image)  (Disney et al., 2004)   
 
2.4 Conclusion 
                                                                                   
                                                                                      
                                                                                         
                                                                                       
                                                                                    
                                                                                     
                                                                                  
                                                                                  
                                                                                           
                                                                                    
                                                                                
                                                                              
                                                                                        
                                                                                         
                                                                                      
                                                                           
                                                                                     
                                                                               
                                                                                                                                                    
   
 
                                                                                      
                                                                                                                     
       
   
 
 
3 Study site and data 
3.1 Introduction 
                                                                                        
                                                                                 
                                                                                     
                                                                               
                                                                                    
                                                                                  
                                                                                
                                                                                     
                                                                                
                                                                                   
                                                                                        
                                                                                    
                                                                               
                                                                                    
                                                                                      
                                                                            
                                                                                   
                                                                                   
                                                                                
                                                                                   
                                                                               
                                                                                    
                                                           
 
3.2  Study site 
                                                                                     
                                                                                        
                                                                                
                                                                            
                                                                           
                                                                                                  
           
   
 
      
Figure   3-1 Chilbolton site (http://www.ncaveo.ac.uk). This shows the position of 
the site relative to the main surrounding cities (the image on the left) and CFARR 
inside the site (the image on the right). 
 
                                                                                   
                                                                                 
                                                                               
                                                                                       
                                                                               
                                                                              
                                                                                            
 
3.3 Ground measurements 
                                                                               
                                                                                  
                                                                    
 
3.3.1 Land cover survey 
                                                                                  
            
                                                                        
                                                            
                     
                                                                X             
        Y                                                                            
                                                                                    
                                                                                                                                                                                          
       
   
 
                                                                                      
                                                                                    
                                                                                  
                                                                                   
                                                                                   
                                                                         
                                                                                   
                                                                                     
                                                                       
 
 
Figure   3-2 The surveyed land cover points and polygons on 12th May 2006.  
 
3.3.2 Atmospheric measurements 
                                                                              
                                                                                      
                                                                                    
                                                                                      
                                                                                   
                                                                                 
                                                                              
                                                                          
                                                                                                  
           
   
 
                                                                     
                                                                                      
                                                                                   
                                                                              
                                                                                          
                                                                                     
                                                                                    
                                                                                     
                                                                                     
                                                                                     
                                                                            
                                                                             
                            
 
 
Figure   3-3 Aerosol Optical thickness data collected on 17th June 2006 
(http://www.neodc.rl.ac.uk/) 
                                                                                                  
       
   
 
  
Figure   3-4  Temporal variation of AOT and water vapour over the Chilbolton 
Observatory Site on 17th June 2006. 
 
 
 
Figure   3-5 Variation of AOT with wavelength at different times of day over the 
Chilbolton Observatory Site on 17th June 2006. 
 
3.4 Airborne data 
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Table   3-1 Spectral characteristics of EA-CASI bands (source: header file) 
     
                   
     
           
     
     
                   
     
           
     
                             
                             
                             
                             
                            
                             
                             
                             
                             
                               
                              
                              
                               
                               
                              
                            
                                                                                                  
       
   
 
                                                                               
                                                                                 
                                                                                       
                                                                                           
                                                                                      
                                                                             
                                                                                         
                                                     
 
3.5 Satellite data 
                                                                               
                                                                                   
                              
                                                         
                                                                                   
                           
                                                  
                                                                                
                                                      
                        
                                                                                   
                                              
 
3.5.1 CHRIS/PROBA data 
                                                                                  
                                                                                 
                                                                                    
                                                                                      
                                                                               
                                                                                     
                                                                                      
                                                                                  
                 
 
Table   3-2 Characteristics of different acquisition modes of CHRIS/PROBA data 
(http://earth.esa.int) 
            
     
        
           
           
     
      
       
      
      
                 
                                                
                                                                                                                                           
           
   
 
                                         
                                                
                                        
 
                                                                                 
                                                                                  
                                                                                
 
 
Figure   3-6 Illustration of the FZA and MZA (Cutter, 2008) 
 
                                                                                     
                                                                        
 
Table   3-3 Imaging sequence of CHRIS data (Cutter, 2008) 
                                                                        
                    
                     
                  
                                                                                                                      
       
   
 
                   
  
                                                                             
                                                                                     
                                                                          
                                     
 
 
Figure   3-7 The Sun and the five view angles CHRIS geometries over Chilbolton.   
 
Table   3-4 Spectral characteristics of CHRIS/PROBA data (Source: header file of the 
data) 
     
       
        
            
     
     
      
     
     
       
        
            
     
     
      
     
     
       
        
            
     
     
      
     
                                               
                                              
                                           
                                             
                                               
                                                                                                                                               
           
   
 
                                            
                                            
                                               
                                                
                                               
                                                
                                               
                                                
                                                 
                                            
                                               
                                                 
                                                
                                                 
                                     
 
3.5.2 SPOT data 
                                                      
                               
                                                                                    
                                                                                   
                                                                                
                                                                                    
                                                                                 
                                                                                   
                                                                                    
                                                                              
              
                                                                    
 
3.5.3 MODIS data 
                                                                                 
                                                                                 
                                                                                     
                                                                                    
                                                                                       
                                                                                 
                                                                                   
                                                                                  
                                                                                
                                                                                                                                                                                       
       
   
 
                                                                                      
                                                                                    
              
 
Table   3-5 Spectral characteristics of MODIS and their application 
(http://modis.gsfc.nasa.gov)  
     
          
     
                                               
                                  
           
                  
              
            
                                
             
                    
           
                  
                                
  
       
     
                  
            
            
  
       
     
                  
  
       
     
                  
              
                           
             
               
                
                  
                                
                                                   
                                        
                  
         
                      
            
                  
         
       
                  
         
       
          
         
                  
         
       
                  
         
       
              
            
             
   
         
                                                                                                        
           
   
 
              
 
              
 
Table   3-6 Spectral characteristics of MODIS bands used in the MODIS reflectance 
product (Xiong et al., 2006) 
     
       
         
            
     
          
     
           
        
       
           
     
       
           
            
       
                
      
          
   
                  
           
       
                
         
       
                  
            
   
                
           
       
               
  
                 
         
       
                     
   
                          
                             
                           
 
                                     
                  
                             
                                                                                      
                                                                                     
                                                                                    
                                  
 
                                                                                                  
       
   
 
 
Figure   3-8 View-Sun geometry of the Terra-MODIS and Aqua-MODIS data from 
1st June to 17th June 2006 over the Chilbolton area.  
 
Table   3-7 Characteristics of the EA-CASI, SPOT 5 
(http://www.satimagingcorp.com/satellite-sensors/spot-5.html), CHRIS/PROBA, 
and MODIS (http://modis.gsfc.nasa.gov/about/specifications.php). 
                                                        
            
          
  
        
     
                               
            
     
  
        
     
          
  
         
          
     
  
        
          
     
         
   
          
             
     
         
   
          
             
     
            
     
         
         
   
                                       
          
      
                  
         
      
         
        
             
    
             
    
              
            
              
            
                                                                                                                                                              
           
   
 
                                       
        
             
          
              
        
             
          
         
        
           
    
            
          
            
        
              
     
      
             
       
             
       
             
      
             
       
             
       
             
            
           
                                           
                                                 
         
          
         
      
         
      
        
     
         
      
         
      
         
      
         
      
 
                                                                             
                                                                                
                   
                                                                    
                                                                               
                                                                         
 
                                                                                   
                                                                                     
                                                                                         
                                                                                
                                                                                                                       
       
   
 
 
Figure   3-9 Spectral profile of vegetation in EA-CASI, SPOT and MODIS imagery 
 
  
Figure   3-10 Spectral profile of stubble land cover in EA-CASI, SPOT and MODIS 
imagery 
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Figure   3-11 Position of the pixels used in Figures 3-9 (the image on the left) and 
3-10 (the image on the right). The left part of each image is the up-scaled EA-
CASI (500 m) and the right part is the original EA-CASI (1 m). 
 
Table   3-8 Comparison of the atmospheric variables measured in the field site 
and those estimated by MODIS 
                                                
      
             
                       
             
                   
                      
               
             
                    
                
 
 
3.6 Methodology 
                                                                                       
                                                                           
                                                                              
                                                                                  
                                   
 
3.6.1 Accuracy assessment 
                                                                                  
                                                                               
                                                                                        
                                                                                     
                                                                                                                                                 
       
   
 
  
3.6.1.1  Correlation coefficients 
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3.6.1.2  Linear Regression 
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3.6.1.3  Accuracy 
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3.6.2 Spatial and spectral conversion 
                                                                                    
                                                                                       
                                                                                        
                                                                                
                                                                                  
                                                                                
                                                                                
                                                                                     
                                                                                    
                                                                   
 
                                                                                     
                                                                             
                                                                                
 
                                                                                                  
       
   
 
 
Figure   3-12 Flowchart of methodology 
 
 
                                                                                    
                                                                                   
                                                                                    
                                                                              
                                                                                   
                                                                                    
                                                                                    
                                                                     
 
                                                                                      
                                                                                  
                                                                                 
                                                                                    
                                                                                
                                                                                     
                                                                                    
                                                                                       
                                                                                      
                                             
                                                                                                  
           
   
 
                                                                                   
                                                                             
                                                                             
                                                                                                                        
       
   
 
 
4 Validation of the MODIS reflectance 
product 
4.1 Introduction  
                                                                                            
                                                                                   
                                                                                 
                                                                                      
                                                                             
                                                                               
                                                                                         
                                                                       
 
                                                                                   
                                                                                  
                                                                                          
                                                                                        
                                                                                        
                                                                               
                                                                                        
                                                                                           
                                                                                
                                                                          
 
                                                                                
                                                                                   
                                                                                      
                                                                         
                                                                         
 
                                                                              
                                                                                      
                                                                                 
                                                                              
                                                                                     
                                                                                    
                                                                                                                                                                                   
           
   
 
                                                                                     
                                                                                   
                                                                                    
                                                                               
                                                                                
                                                                                   
                                                                              
                                                                                      
          
 
                                                                           
                                                                                    
                                                                                    
                                                                                        
                                                                            
                                      
 
                                                                                  
                                                                                   
                                                                               
                                                                                 
                                                                                    
                                                                                   
                                                                                  
                                                                                       
                                                                          
 
                                                                                 
                                                                      
                                                                                         
                                                                                
                                                                                     
                                                                              
                                                                                      
                                                                                    
                                                                                        
                                                                                    
                                                                                       
                                                                                                         
       
   
 
 
 
Figure   4-1 Spatial distribution of the AERONET sites used in the validation of the 
MOD09 product. The colour shows the degree of acceptability of the validation 
results in band 1 of MODIS (green>80% and red <55%) and the circle size shows 
the number of the used observations (Vermote and Kotchenova, 2008). 
 
4.2 The MODIS Surface-Reflectance Product  
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Figure   4-2 The atmospheric components affecting the remote sensing signal in 
the 0.4 – 2.5 Nm range (Vermote et al., 1997a) 
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Figure   4-3 Atmospheric effects on the at-sensor signal in the visible and NIR 
bands (each bar shows the minimum and maximum effect) (values from Vermote 
et al., 1997a). 
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Figure   4-4 Water vapour  absorption in the MODIS bands 1 to 7 and the amount 
of absorption for a set of air masses (m) in bands 1, 2 and 7 (Vermote and 
Vermeulen, 1999) . 
 
                                                                                     
                                                       
                              
                                                                              
                                                                                      
                                                                                   
                                                       
 
 
Figure   4-5 Ozone absorbtion in the MODIS bands (Vermote and Vermeulen, 
1999). 
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Figure   4-6 Absorptional effect of other gases (O2 and CO2)  in the MODIS bands 
(Vermote and Vermeulen, 1999). 
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Table   4-1 Quality information included in MOD09 (Vermote et al., 2011) 
                                                                 
                                     
    
                 
 
                              
                             
                                        
      
 
                                      
                             
                                     
                  
  
  
             
           
            
           
                                                                                                                         
           
   
 
                                       
               
 
    
                                    
                       
                   
                                        
       
                           
                                    
                     
                                          
                                     
                     
                                       
                                      
                       
                                       
          
  
              
        
       
    
                                    
              
  
  
                 
                    
           
                                
           
                           
                      
                        
                           
      
                 
   
   
                                    
              
  
  
                  
                 
         
             
          
   
   
                                    
              
  
  
                 
          
           
                                                                                                          
       
   
 
          
   
   
                                    
              
   
                               
          
             
   
   
                                    
              
   
                              
         
            
   
   
                                    
              
   
                     
        
       
   
                                  
        
       
   
                            
        
       
   
                                
        
       
   
                           
        
       
       
                    
         
            
 
                                                                          
                                                                                 
                                                                                    
                                                                                   
                                                                                           
                                                                                 
                                           
 
4.3 Methodology 
                                                                              
                                                                                 
                                                                                   
                                                                                      
                                                                                   
                                                                            
                                                                                 
                                                                                
                                                                                       
                                                                                                                                                                        
           
   
 
 
                                                                                    
                                                                                
                                                                                      
                                                                               
                                                                                       
                                                        
  
                                                                                     
                                                                                 
                                                                       
                                                                                   
                                                                             
                                                                                   
                                                                
 
 
 
 
Figure   4-7 Flowchart of the methodology used for validation of MOD09 
 
 
                                                                                              
       
   
 
4.4 Validation of MODIS reflectance 
                                                                                 
                                                                                     
                                                                                      
                                                                              
                                                                            
                                                             
 
4.4.1 Validation using EA-CASI reflectance 
                                                                                
                                                                                
                                                                                   
                                                                                
                                                                                
                                                                           
                                                                                  
                                                                                 
                                                                                 
                                                                                  
                                                                                        
                                                                     
 
                                                                                              
           
   
 
 
       
                                                                                                    
       
   
 
 
Figure   4-8 Scatterplots of at-nadir EA-CASI reflectance on DOY 168 against off-
nadir MODIS reflectance on DOY 168 with view zenith angle (vza) =46°. 
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Table   4-2 Error in the MODIS reflectance (percentage) on DOY 168  
                      
                                                               
                                                      
                                                   
                                                  
                                                  
                                                  
                                              
                                                 
                                               
                                                
                                                     
                                                   
                                                    
                                                     
                                                         
                                                    
                                                     
                   
                                                               
                                                  
                                                
                                               
                                                                                                                                            
       
   
 
                                               
                                              
                                                
                                                
                                                
                                                      
                                                    
                                                   
                                                   
                                                     
                                                 
                                                    
 
 
Figure   4-9 Spectral error in the MODIS reflectance (DOY 168).  
                                                                                              
           
   
 
 
Figure   4-10 Percentage spectral error in the MODIS reflectance (DOY 168). 
 
                                                                                      
                                                                                      
                                                                                       
                                                                             
                                                                                         
                                                                                       
                                                                                      
                                                                           
 
4.4.2 Validation using EA-CASI reflectance in different land covers 
                                                                               
                                                                                       
                                                                                     
                                                                                   
                                                                                        
                                                                                       
                 
                                                                                              
       
   
 
                                                                                     
                                                                                      
                                                                                      
                                                                                       
                                                                                     
                                                                                    
                                                                              
                                                                                  
 
 
Figure   4-11 Land cover map obtained from the EA-CASI data. 
              
                              
                            
                   
                  
                 
                 
                                                                                                                   
           
   
 
 
 
Figure   4-12 Mean percentage error in the MODIS reflectance product (DOY 168). 
LC1: Winter wheat or barley, LC2: Winter oilseed rape, LC3: Winter oats, LC4: 
Grasslands, LC5: Woodlands, LC6: Stubble, LC7: Built-up area. 
 
                                                                                         
                                                                             
                                                                              
                                                                                   
                  
 
4.4.3 Validation using SPOT reflectance 
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Figure   4-13 Scatterplots between at-nadir SPOT reflectance on DOY 161 and off-
nadir MODIS reflectance on DOY 161 with view zenith angle (vza) =51°.  
 
 
Figure   4-14 Spectral error (bias) in the MODIS reflectance (DOY 161) relative to 
SPOT. 
 
                                                                                                    
       
   
 
 
Figure   4-15 Percentage spectral error (bias) in the MODIS reflectance (DOY 161) 
relative to SPOT reflectance. 
 
                                                                                    
                                                                                
 
4.5 Validating at-nadir MODIS reflectance estimated from 
a BRDF model 
                                                                                    
                                                                                  
                                                                                   
                                                                                      
                                                                                   
                                                                                    
                                                                                   
                                             
 
                                                                                
                                                                                    
                                                                                    
                                                                                       
                                                                                                                                                                                         
           
   
 
                                                                                    
                                                                                       
                                                                                  
                                     
 
          
  
       
                                                                                                    
       
   
 
            
 
Figure   4-16 Scatterplots of at-nadir EA-CASI reflectance on DOY 168 against at-
nadir MODIS reflectance, estimated from the daily MODIS BRDF parameters on 
DOY 168. 
 
       
                                                                                                    
           
   
 
                                                                                        
                                                                                   
                                                                      
 
4.6 Validating the BRDF model 
                                                                                  
                                                                                    
                                                                                  
               
 
4.6.1 Capability of the BRDF model in reproducing the input data 
                                                                            
                                                                               
                                                                                   
                                                                              
 
                                                                            
                                                                                        
                                                                                  
                                                                                    
                                                                                   
                                                                                 
                                                                                       
                                                                                
                                        
                                                                                              
       
   
 
  
  
       
                                                                                                    
           
   
 
 
 
Figure   4-17 Scatterplots of MODIS reflectance on DOY 168 and the reflectance 
estimated from the daily MODIS BRDF parameters at the same Sun-view 
geometry. 
 
       
                                                                                                    
       
   
 
                                                                               
                                                                                    
                                                                                    
                                                                                     
                                                                              
                                                                                      
                                                                                       
                                                   
 
4.6.2 Correctness of the assumption of the invariability of reflectance during 16-
day period  
                                                                                     
                                                                                  
                                                                                 
                                                                                      
                                                                                      
                                                                                         
                                                                                 
                                                                                
                                                                            
                                                                      
 
                                                                                              
           
   
 
  
 
 
       
                                                                                                    
       
   
 
 
Figure   4-18 Scatterplots of SPOT reflectance on DOY 161 against EA-CASI 
reflectance on DOY 168 (spectrally resampled to the MODIS bands at 460 m 
spatial resolution), at a spatial resolution of 460 m.  
 
                                                                                      
                                                                                   
                                                                                 
                                                                                   
                                                                                           
                                                                                
                                                                                   
                                                                                   
                                                                                    
                                                                                    
                                    
 
                                                                                                    
           
   
 
 
 
 
       
                                                                                                    
       
   
 
 
 
Figure   4-19 Scatterplots of MODIS reflectance on DOY 161 against MODIS 
reflectance on DOY 168.  
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4.8 Conclusion 
                                                                                    
                                                                                  
                                                                                         
                                                                                       
                                               
 
                                                                                   
                                                                                        
                                                                                 
                                                                                      
                                                                                                                                                                                  
       
    
 
                                                                                  
                                                                                       
                                                                                     
                                                                                     
                                                                                
                                                                                   
                                                                                  
                                                                                  
                                                                                                                                                                                  
           
    
 
 
5 Investigation of the spatial variability of 
albedo   
 
5.1 Introduction 
                                                                                      
                                                                                      
                                                                               
                                                              
                                                                              
                                                                                       
                                                                                  
                                                                                  
                                                                                        
                                                                                   
                                                                                    
                                                                                         
                                                                                    
                                                                                     
                                                                                         
                                                                                      
                                                                                 
                                                                                         
                          
 
5.2 Data used 
                                                                                      
                                                                                     
                                                                                      
                            
                                                           
                                                                                        
                                                                                 
                                                                                
                                                                                 
                                                                                                                                                                                
       
    
 
                                                                                   
              
 
           
 
 
                                                                                                 
           
    
 
 
 
                                                                                                 
       
    
 
 
Figure   5-1 CHRIS/PROBA dataset over the Chilbolton site on 17th June 2006. The 
data were recorded in five fly-by zenith angles (FZA): a) FZA=0°, b) FZA=+36°, c) 
FZA=-36°, d) FZA=+55°, and e) FZA=-55°. The data were mapped as a false 
colour composite of bands 48 (red), 33 (green) and 13 (blue).  
 
                                                                                        
                                                                               
                                                                                      
                                
 
                                                                             
                                                                                     
                                                                                 
                                                                                    
                                                                              
                                                                                
                                                                                      
                                                                                    
                                                                                   
                                                                                  
                                                                                    
                                                                                                                                                                   
           
    
 
 
 
 
Figure   5-2 The Sun and the five view angles CHRIS geometries over the study 
site.   
 
Table   5-1 Spectral characteristics of the bands used in the estimated albedo 
                
        
                
          
     
                       
                  
              
                 
              
               
                  
                    
              
                  
                                                                                                   
       
    
 
Table   5-2 Spectral characteristics of CHRIS/PROBA data (Source: header file of the 
data) 
 
     
       
        
            
     
     
      
     
     
       
        
            
     
     
      
     
     
       
        
            
     
     
      
     
                                               
                                              
                                           
                                             
                                               
                                              
                                            
                                            
                                               
                                                
                                               
                                                
                                               
                                                
                                                 
                                            
                                               
                                                 
                                                
                                                 
                                                                                                                                     
           
    
 
 
Figure   5-3 The common CHRIS data in all five view angles. The RGB image is a 
composite of band 48 (854 nm), band 33 (725 nm) and band 13 (553 nm). 
 
5.3 Methodology 
                                                                         
                                                                                       
                                                                                     
                                                                                       
 
5.3.1 Albedo estimation 
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Figure   5-4 The process of calculation of the kernels of RossThick-
LiSparseReciprocal BRDF model for the CHRIS/PROBA view geometry on 17th June 
2006 over the Chibolton area and the simultaneous Sun geometry.                                                                                                  
       
    
 
5.3.2 Extension of the albedo map 
                                                                                      
                                                                          
                                             
                                     
                                                                                 
                                                                                        
           
                                                                   
                                                                                
                                                                                      
                                                                                       
                                                                                       
                                                                                     
                                                                                
                                                                           
    
                                                                                 
                                                                                    
                                                                                
                                                                                        
                                                                                  
                                                                                    
                                                                                    
                                                                                       
                                                                                    
                                                                                          
                  
                                                                                                 
           
    
 
 
Figure   5-5 Land cover map 
 
 
Figure   5-6 Histograms of land covers.  
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Table   5-3 Confusion matrix of the created land cover map 
       
      
         
        
     
                           
      
   
      
      
              
      
        
     
                         
                                 
                                    
                                  
                                   
      
      
                         
                               
                                       
        
         
            
                                                                                                 
           
    
 
                                                                                  
                                                                                       
                                                                                       
                                                                                
 
                                                                                     
                                                                                         
                                                                                     
                                                                                  
                                                                                         
                                                                                     
                                                                                     
                                                                                          
                                                                                    
                                                                                     
                                                                                          
                                                                                    
                                                                                      
                                                                                       
                                                                                        
                                                                                       
                                                                       
 
                                                                                      
                                                                                       
                                                                                  
                                                                           
                                                                                      
                                                                                         
                                                                                      
                                                                                        
                                                                  
 
5.4 Assessment of the directional reflectance in different 
land covers 
                                                                                     
                                                                                
 
                                                                                                 
       
    
 
 
 
 
Figure   5-7 Spectral CHRIS reflectance of wheat at all view angles.   
 
                                                                            
                                                                               
                                                                           
                                                                                   
                                                                                    
                                                                                   
                                                                             
                                                                                      
                                                                                       
                 
 
                                                                                                 
           
    
 
 
Figure   5-8 Spectral CHRIS reflectance of oilseed rape at all view angles. 
 
                                                                                       
                                                                                   
                                                                                 
                                                                                
                
 
 
                                                                                                 
       
    
 
 
Figure   5-9 Spectral CHRIS reflectance of stubble at all view angles. 
 
                                                                                      
                                                                                         
                                                                                  
                                                                                        
                                                                                      
                                                                                        
                                                                                    
                                     
 
 
                                                                                                 
           
    
 
 
Figure   5-10 Spectral CHRIS reflectance of field beans at all view angles. 
 
                                                                                     
                                                                                          
                                                                               
                                                                                    
                                                                                   
                                                                                         
                             
 
 
 
                                                                                                 
       
    
 
 
Figure   5-11 Spectral CHRIS reflectance of barley at all view angles. 
 
                                                                                     
                                                                                        
                                                                                  
                                                                                   
                                                                                      
                                                                                         
                                               
 
 
 
                                                                                                 
           
    
 
 
Figure   5-12 Spectral CHRIS reflectance of grass at all view angles. 
 
                                                                                      
                                                                                           
                                                                                       
                                                                                            
                                                                                     
                                                                                   
                                                                          
                                                                                       
                                                                                    
              
 
                                                                                                 
       
    
 
 
Figure   5-13 Spectral CHRIS reflectance of built-up area at all view angles. 
 
                                                                                       
                                                                              
                                                                                        
                                                                                       
                                                                                      
                                                                                   
                                                                                      
                                                                                        
                                      
 
                                                                                        
                                                                                      
                                                                             
                                                                                    
                                                                                     
                                                                                 
                                                                                  
                                                                                   
                                                                                         
                                                                                    
                                                                                                 
           
    
 
                                                                                    
                                                                                       
                                                                                      
                                                                                      
                                                                                   
                                                                                   
                                                                                      
                                                                                      
                                                                                      
                                       
 
Figure   5-14 Spectral behaviour of different land covers at different CHRIS/PROBA 
view angles in the red band (650 nm). 
 
                                                                                  
                                                                                         
                                                                                      
                                                                                       
                                                                                       
                                                                                
                      
                                                                                                 
       
    
 
   
Figure   5-15 Spectral behaviour of different land covers in different CHRIS/PROBA 
view angles in the NIR band (850 nm). 
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Figure   5-16 Index of anisotropy for different land covers.  
 
                                                                                        
                                                                                          
                                                                                
                                                                                       
                                                                                     
                                                                                   
                                                                                      
                                                                                  
                                                                                 
                                                                                                                                                                                   
       
    
 
                                                                                     
            
 
5.5 Albedo maps 
                                                                               
                                                                                    
                                                                                         
                                                                                    
                                                
 
 
 
Figure   5-17 Visible albedo map 
                                                                                                 
           
    
 
 
Figure   5-18 Histogram of visible albedo.  
 
                                                                                       
                                                                                       
                                                                           
                                                                                     
                                                                                   
                                                                                    
                                                                                    
                                                                                     
                                                                                    
                                                                                       
                                                                             
 
                                                                                                 
       
    
 
 
Figure   5-19 NIR albedo map 
 
 
Figure   5-20 Histogram of NIR albedo.                                                                                                  
           
    
 
 
                                                                                     
                                                                                    
                                                                                         
                                                                                   
                                                                                     
                                                                                         
                           
 
 
Figure   5-21 Broadband albedo map 
                                                                                                 
       
    
 
 
Figure   5-22 Histogram of broadband albedo.  
 
                                                                                
                                                                                     
                                                                                  
                                        
 
5.6 Relationship between directional reflectance and 
albedo 
5.6.1 Relationship between directional reflectances and albedo without using a 
land cover map 
                                                                                    
                                                                                    
                                                                                 
 
Table   5-4 RMSE (and linear regression parameters) of the estimated albedos with 
respective to directional reflectances in different spectral bands. 
                                                           
                                     
                                 
                                       
                                                                                                                                      
           
    
 
                                  
                                        
                                       
                                   
                                         
                                      
                                  
                                        
                                       
                                   
                                         
 
 
Figure   5-23 R-squared and percentage of median RMSE of estimated albedo with 
respect to directional reflectances in different spectral bands. 
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5.6.2 Relationship between directional reflectances and albedo using a land cover 
map 
                                                                                   
                                                                                         
                                                                                   
                                              
 
Table   5-5 RMSE (and linear regression parameters) of the estimated albedos with 
respective to directional reflectances in different land covers and different 
spectral bands. 
                                                         
       
         
                                                   
                                              
                                                    
                                                   
                                                
                                                      
                                                    
                                                                                                                                                 
           
    
 
                                                      
                                                    
                                                
                                                      
                                                     
                                                 
                                                       
                                            
                                       
                                              
                                            
                                         
                                               
                                             
                                          
                                               
                                             
                                         
                                               
                                              
                                          
                                                
                                                
                                            
                                                  
                                                 
                                             
                                                   
                                                  
                                              
                                                    
                                                 
                                             
                                                   
                                                  
                                              
                                                    
                                                                                                                                               
       
    
 
                                           
                                                 
                                                
                                             
                                                   
                                                 
                                              
                                                    
                                                 
                                             
                                                   
                                                  
                                              
                                                    
                                               
                                           
                                                 
                                                
                                            
                                                  
                                                 
                                             
                                                   
                                                
                                            
                                                  
                                                 
                                             
                                                   
                                                  
                                             
                                                   
                                                  
                                               
                                                     
                                                   
                                                
                                                                                                                                                     
           
    
 
                                                   
                                               
                                                     
                                                    
                                                
                                                      
                                            
                                         
                                               
                                              
                                          
                                                
                                              
                                           
                                                 
                                              
                                          
                                                
                                               
                                           
                                                 
 
 
Figure   5-24 R-squared and percentage of median RMSE of estimated albedo with 
respect to reflectance at FZA=0° in different spectral bands and in different land 
covers.  
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Figure   5-25 R-squared and percentage of median RMSE of estimated albedo with 
respect to reflectance at FZA=36° in different spectral bands and in different land 
covers.  
 
                                                                                
                                                                                         
                                                                                     
                                                                                
                                                                                
                                                                                 
                                                                               
                                                                                  
                                                                                      
                                                                                       
                                                                           
                                                                          
                                                                                      
                                                                                        
                                                
 
 
 
FZA=36
0
10
20
30
40
50
60
O
i
l
s
e
e
d
r
a
p
e
W
h
e
a
t
B
a
r
e
 
s
o
i
l
G
r
a
s
s
l
a
n
d
B
u
i
l
t
-
u
p
 
F
i
e
l
d
 
b
e
a
n
s
B
a
r
l
e
y
Land cover
R
^
2
 
(
%
)
Visible band
NIR band
Broadband
FZA=36
0
10
20
30
40
50
60
O
i
l
s
e
e
d
r
a
p
e
W
h
e
a
t
B
a
r
e
 
s
o
i
l
G
r
a
s
s
l
a
n
d
B
u
i
l
t
-
u
p
 
F
i
e
l
d
 
b
e
a
n
s
B
a
r
l
e
y
Land cover
R
M
S
E
 
(
%
)
Visible band
NIR band
Broadband                                                                                                
           
    
 
 
Figure   5-26 R-squared and percentage of median RMSE of estimated albedo with 
respect to reflectance at FZA=-36° in different spectral bands and in different 
land covers.  
 
                                                                                  
                                                                              
                                                                                     
                                                                                      
                                                                                         
                                                                                         
                                                                                
                                                                                         
                                                                                    
                                                                             
              
  
   
Figure   5-27 R-squared and percentage of median RMSE of estimated albedo with 
respect to reflectance at FZA=55° in different spectral bands and in different land 
covers.  
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Figure   5-28 R-squared and percentage of median RMSE of estimated albedo with 
respect to reflectance at FZA=-55° in different spectral bands and in different 
land covers.  
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5.7 Spatial variability of albedo 
                                                                                       
                                                                                          
                   
                                                                                                 
       
    
 
 
Figure   5-29 Mean values of visible, NIR and broadband albedo in different land 
covers. 
  
                                                                                     
                                                                                         
                                                                                  
                                  
 
                                                                           
                                                                                   
                                                                                     
                                                                                         
                                                                      
                                                                                                 
           
    
 
 
Figure   5-30 The error in the visible, NIR and broadband albedos in different land 
covers. The error bars show ±1 standard deviation. 
 
                                                                                   
                                                                                       
                        
 
Table   5-6 Mean and standard deviation (SD) values of visible, NIR and broad 
bands albedo in different land covers. 
           
                        
                             
                                                 
                                          
                                            
                                              
                                             
                                                
                                           
 
                                                                           
                                                                                       
                                                                                                             
       
    
 
                                                                                    
                                                                                      
                                                                                 
                                                                                        
                                                                                         
                                     
 
                                                                                          
                                                                                   
                                                                                       
                                                                                       
                                                                                           
                                                                    
 
 
Figure   5-31 Albedo of different fields of wheat class in visible, NIR and broad 
bands. The dotted line shows the mean and one standard deviation from the 
mean value. The image on the right shows the distribution of fields on the image. 
 
                                                                               
                                                                                       
                                                                                      
                                                                                    
                                                                                      
                                                                                                      
           
    
 
                                                                                   
                                                                                       
                                                                                     
                                                                                   
                                                                                     
                                                                                   
                                                                                        
                                                                                        
                                                                                
                                                                                        
                                                                                     
                                                                                     
                                                                                          
                                                                                  
                                                                                        
                                                                                  
                                                                                       
 
 
Figure   5-32 Albedo of different fields of stubble class in visible, NIR and broad 
bands.  
 
                                                                                                      
       
    
 
                                                                          
                                                                                     
                                                                                       
                                                                                    
                                                                                        
                                                                                  
                                                                                     
                                                                                      
                                                                         
                                                                                  
                                                                                            
                                                                                      
                                                                                    
                                                                        
                                                                                   
                                                                                          
                                                                                     
                                                                                     
                                                                                      
                        
 
                                                                                                 
           
    
 
 
Figure   5-33 Albedo of different fields of barley class in visible, NIR and broad 
bands. 
 
                                                                              
                                                                                 
                                                                              
                                                                                       
                                                                                        
                                                                                         
                                                                                      
                                                                                      
                                                                                     
                                                                                  
                                                                                 
                                                                                        
                                                                                        
                                                                                       
                                                                                        
                                                             
                                                                                                 
       
    
 
 
Figure   5-34 Albedo of different fields of built-up class in visible, NIR and broad 
bands. 
 
                                                                              
                                                                                 
                                                                                  
               
                                                                                                 
           
    
 
 
Figure   5-35 Albedo of different fields of field beans class in visible, NIR and 
broad bands. 
 
                                                                                  
                                                                                     
                                                                                     
                                                                                       
                                    
                                                                                                 
       
    
 
 
 
Figure   5-36 Albedo of different fields of grasslands class in visible, NIR and 
broad bands. 
 
                                                                                  
                                                                                 
                                                                                    
                                                                                       
                                                                                     
                                                                               
                                                                       
                          
                                                                                                 
           
    
 
 
 
Figure   5-37 Albedo of different fields of oilseed rape class in visible, NIR and 
broad bands. 
 
                                                                                        
                                                                                
                                                                                    
                                                                                           
 
                                                                                    
                                                                                    
                                                                                     
                                                                                      
                                                                                        
                                                                                     
                                                                                     
                                                                                   
                                                                                     
                                                                                      
                                                                                     
                                                                                     
                                                                                                                                            
       
    
 
 
                                                                                       
                                                                                     
                                                                                    
                                                                                     
                   
 
5.8  Conclusion 
 
                                                                                 
                                                                                         
                                                                                      
                                                                                       
                                                                                     
                                                                                      
                                                                                     
                                                                                        
                                                                                         
                                                                                       
                                                                                        
                                                                                    
                                                                                  
                                                                                            
                                                                               
                                                                            
                                                                                
                                                                                    
 
                                                                                     
                                                                                      
                                                                                       
                                                                                                                                                                            
           
    
 
 
6 Validation of Albedo product of MODIS 
 
6.1 Introduction 
                                                                                  
                                                                             
                                                                                      
                                                                                          
                                                                                 
                                                                                 
                                                                                    
                                                                                    
                                                                                     
                                                                                     
                                                                                      
                                                                              
                                                                                       
                                                                                        
                                                                            
                                                                                      
                                                                                     
                                                                                    
                                                                                       
                                                                                    
                                                                                   
                                                                                     
                                                                                    
                                                                                        
                                                                                          
                                                                                   
                                                                                
                                             
 
6.2 Method 
 
6.2.1 Statistical model 
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6.3 Methodology 
                                                                                
                                                                                   
                                             
 
 
   Figure   6-1 Methodology of the validation of the MODIS albedo product 
 
6.4 Validation of the CHRIS/PROBA albedo 
                                                                            
                                                                                    
                                                                            
                                                                                                                                                                                   
       
    
 
                                                                              
                                                                                   
                                                                                   
                                                                           
                                                                                
                                                                                  
                                                                                    
                                                  
                                                                              
                                                               
 
6.4.1 Accuracy of the CHRIS surface reflectance 
                                                                                   
                                                                                 
                                                                                 
                                                                              
                                                                                    
                                                                                                                                                                                  
           
    
 
       
                                                                                                       
       
    
 
 
Figure   6-2 Scatter plots showing the relationship between EA-CASI reflectance 
and at-nadir CHRIS reflectance. 
 
 
 
       
                                                                                                       
           
    
 
Table   6-1 Errors in the at-nadir CHRIS reflectance (and some statistical 
parameters shown in Figure   6-2) 
     
  
        
                              
                              
                                
                                
                                
 
                                                                                     
                                                                                     
                                                                           
                                                                                        
                                                                                      
                                                                                      
                                                                                      
                                                                                  
                                                                                  
                                                                               
                                                                                          
                                                                                 
                                                                                  
                                                                                       
                                                                                     
                                                                                  
                                                                                        
                                                                                
 
                                                                                        
                                                                                  
                                                                                   
                                                                                    
                                                    
 
6.4.2 The accuracy of the applied BRDF model. 
                                                                                      
                                                                                     
                                                                                                                                                                                  
       
    
 
                                                                          
                               
 
       
                                                                                                       
           
    
 
 
Figure   6-3 Scatter plots showing the relationship between CHRIS reflectance at 
FZA=-55° and the estimated BRDF at FZA=-55° which was calculated using all 
view angles except at FZA=-55°. 
 
 
       
                                                                                                       
       
    
 
Table   6-2 Errors in the estimated BRDFs relative to the actual CHRIS reflectances 
at FZA=-55° (and some statistical parameters shown in Figure   6-3) 
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6.5 Validation of the MODIS albedo 
                                                                           
                                                                                 
                                                                         
                                                                                       
                                                                                        
                                                                                 
                                                                                
                                                                                   
                                                                                
                                                                                  
                                                                                       
                                                                                       
                       
 
                                                                                    
                                                                                    
                                                                                                                                                                                     
       
    
 
                                                                                  
                                  
 
       
 
                                                                                                       
           
    
 
  
Figure   6-4 Scatter plots showing the accuracy of the MODIS albedo product 
 
Table   6-3 Statistical parameters of Figure   6-4 
           
     
 
          
                                       
 
      
 
       
 
                                                                                                       
       
    
 
   
                                            
                                            
                                            
                                            
 
                                                
                                                                                 
                                                                                          
                                                                                    
                                                                                   
                                                                               
                                                                                  
 
                                                                                  
                                                                                          
                                                                                  
                                                                                       
                                                                              
                                                                                     
                                                                                 
                                                                                  
                                                                             
 
                                                                                    
                                                                                  
                                                                                      
                                                                                        
                                                                                       
                                                                                      
                                                                                    
                                                                                       
                     
   
                                                                                                 
           
    
 
 
                                                                                                 
       
    
 
 
 
 
Figure   6-5 Normal probability plot of CHRIS data.                                                                                                  
           
    
 
 
                                                                                                 
       
    
 
 
    
Figure   6-6 Normal probability plot of MODIS data.  
 
                                                                                   
                                                                                
                                                                                     
                                                                                                           
           
    
 
                                                                                    
                                                                                     
                             
Table   6-4 Mann-Witney U test results 
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Table   6-5 Errors in the at-nadir estimated BRDF  
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Figure   6-7 The error in the estimated BRDF. This shows the differences in the 
actual MODIS observations and those from the BRDF model. 
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6.6 Conclusion 
                                                                                   
                                                                                     
                                                                           
                                                                                       
                                                                          
                                                                                   
                                                                               
                                                                                   
                                                                                     
                                                                              
                                                                                 
                                                                                                       
           
    
 
7 Discussion and Conclusion  
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Table A1- 1 Characteristics of the different acquisition modes of CHRIS/PROBA 
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Figure A1- 1 The Level 1B CHRIS/PROBA data at nadir view (on the left) and EA-
CASI data (on the right) from the Chilbolton area on 17th June 2006. 
 
 
Figure A1- 2 Spectral profile of the reflectance of a set-aside land cover (sparse 
vegetation) in EA-CASI data, CHRIS data corrected by BEAM software and CHRIS 
data corrected by ATCOR software 
                                                                                                               
       
    
 
 
Figure A1- 3 Spectral profile of the reflectance of a vegetation land cover in EA-
CASI data, CHRIS data corrected by BEAM software and CHRIS data corrected by 
ATCOR software 
 
A1.4  Methodology 
                                                                           
                                                                                   
                                                                                
                                                                               
                                                                                    
                                                                               
                                                                                   
                                                                                
                                                                                
                                                                                
                                                                               
          
 
                                                                                   
                                                                                 
                                                                                      
                                                                                      
                              
                                                                                                               
           
    
 
                                                                                  
                                                                               
                                                                                 
                                                                                
                                                                           
                                                                                      
                                  
                                              
                                                                              
                                                                           
 
A1.5  Results of the validation of CHRIS reflectance 
from BEAM 
                                                                             
                                                                                 
                                                                               
                                                                   
 
 
 
                                                                                                               
       
    
 
 
 
                                                                                                               
           
    
 
 
                                                                                                               
       
    
 
 
                                                                                                               
           
    
 
 
                                                                                                               
       
    
 
 
                                                                                                               
           
    
 
 
                                                                                                               
       
    
 
 
                                                                                                               
           
    
 
 
                                                                                                               
       
    
 
 
                                                                                                               
           
    
 
 
                                                                                                               
       
    
 
 
                                                                                                               
           
    
 
 
                                                                                                               
       
    
 
 
                                                                                                               
           
    
 
  
                                                                                                                      
       
    
 
 
 
                                                                                                                
           
    
 
 
Figure A1-   7-4 Scatter plot of atmospherically corrected CHRIS/PROBA using 
BEAM software against EA-CASI reflectance.   
                                                                                                               
       
    
 
A1.6  Results of the validation of CHRIS reflectance 
from ATCOR2 
                                                                               
                                                                                    
                                                                                      
                                                   
  
 
                                                                                                               
           
    
                                                                                                               
       
    
                                                                                                               
           
    
                                                                                                               
       
    
                                                                                                               
           
    
                                                                                                               
       
    
                                                                                                               
           
    
                                                                                                               
       
    
                                                                                                               
           
    
                                                                                                               
       
    
                                                                                                               
           
    
                                                                                                               
       
    
                                                                                                               
           
    
                                                                                                               
       
    
                                                                                                               
           
    
 
          
 
Figure A1-   7-5 Scatter plot of atmospherically corrected CHRIS/PROBA using 
ATCOR2 software against EA-CASI reflectance.   
 
                                                                                                               
       
    
 
A1.7  Discussion 
                                                                                  
                                                                              
                                                                               
                                                                                  
                                                                                             
                                                                                         
                                                                                       
                                                                                        
                                                                                   
                         
 
                                                                                      
                                                                                      
                                                                             
                                                                                       
                                                                                   
                                                                                    
                                                                              
                                                                                     
                                             
 
 
Figure A1-   7-6 Histogram of the negative reflectance values in the CHRIS data 
corrected by BEAM software  
 
                                                                                 
                                                                                  
                                                                                                                                                                                                
           
    
 
                                                                                       
                                                                                   
                                                                                        
                                                                              
        
 
   
Figure A1-   7-7 Spectral variation of surface reflectance with three different AOT 
values 0.05, 0.15, and 0.27 as obtained from BEAM. 
  
 
 
Figure A1-   7-8 Spectral variation of reflectance with two different water vapour 
values (g/cm2)  0.0 and 2.67 as obtained from BEAM. 
                                                                                                               
       
    
 
                                                                                   
                                                                                     
                                                                                     
                                                                                        
                                                                                   
                                                                                   
                                                                                    
                                                                                       
                                                                                       
                                                                                   
                                                                                         
                                                                                          
 
                                                                                
                                                                                          
                                                                                     
 
                                                                                  
                                                                                   
                                                                                  
                                                                                       
                                                                                       
                                                                                       
                                                                                      
                                                                                      
                                                                                   
                                                                                          
                                                                                        
                                                                                   
                                                                                   
                                                                                    
                                                                             
                                                                                                               
           
    
 
 
Figure A1-   7-9 The effect of clouds in BEAM’s atmospheric correction . 
 
                                                                                       
                                                                                     
                                                                                         
                                                                                     
                                                                                   
                                                                                   
                                                                                         
                                                                                       
                                                                                   
                                                                                
                                                                                          
                                                                                      
                                                                                   
                                                             
 
                                                                                     
                                                                                       
                                                                             
                                                                                  
                                                                                     
                                    
                                                                                                               
       
    
 
 
Figure A1-   7-10 The effect of shadows in BEAM’s atmospheric correction. 
 
 
A1.8  Conclusion 
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Figure A2- 1 Scatterplot of directional reflectance and albedo at the visible band                                                                                                                 
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